Abstract-The system drift causes the AFM tip to stochastically displacement in the sample surface of substrate when atomic force microscope imaging. This will give a notable effect on AFM image procedure, and results in distortion of scanning images. For this distortion, the paper establishes image compensation model, through associating the reference image and deformation image of the same sample region with 0°and 90° scanning angle respectively, to estimate horizontal and vertical displacement between the two images for reconstructing the reference image. The algorithm is verified by using simulation, and then is applied to AFM images. After image correction, nanoparticles aspect ratio is closer to 1, and relative distance changes between the nanoparticles from the system drift also meet the drift measurement results. These experimental results illustrate that the proposed method can effectively reduce the influence of system drift on AFM images and improve AFM image quality.
I. INTRODUCTION
AFM (Atomic Force Microscope, AFM) achieves observation and manipulation by monitoring the interaction between the tip and sample at the nanometer scale. AFM has several advantages such as high-resolution, high-controllable, repeatability, and work in a versatile environments, etc. Currently it has become the most promising tool for observation and manipulation, and has been widely used in nanotechnology research fields. For example, AFM is used to characterize the shape and size of nanoparticles [1, 2] . Additionally many researchers employ AFM to study dynamic model [3, 4] through pushing nanoparticles at the nanoscale. AFM performs imaging line by line, and drift problems exists in the adjacent scan lines due to the PZT nonlinearity, system drift and other factors, play a great influence on the scanning procedure. This problem affects the AFM measurement accuracy and reliability of the sample morphology to a certain extent. As for PZT nonlinearity, *Resrach supported by National Natural Science Foundation of China(61305125), National Post Doctor Foundation (Project Codes: 2013M530955, 2014T70265)), and the Young Foundation of Shenyang Jianzhu University (2014068) Fangjun Luan is with the Information and Control Engineering, Shenyang Jianzhu University, Shenyang, CO 110168 China (e-mail: luanfangjun@sjzu.edu.cn).
Weiqi Xie is with the Information and Control Engineering, Shenyang Jianzhu University, Shenyang, CO 110168 China (e-mail: feiqibuke@126.com).
Shuai Yuan is with the Information and Control Engineering, Shenyang Jianzhu University, Shenyang, CO 110168; and also State Key Lab. Robot., SIA., Chinese Academy of Sciences, Shenyang, 110016, China (corresponding author to provide phone:+8613940077870;e-mail: reidyuan@163.com).
Xinghua Xia and Fenglong Kan is with the Information and Control Engineering, Shenyang Jianzhu University, Shenyang, CO 110168 China.
currently the compensation method of combining the closed-loop and open-loop model [5] [6] [7] are adopted with better effect. System drift refers that the ambient temperature is not strictly controlled in the AFM imaging procedure, and this variation will cause size changing of the systems PZT tube and the other components, which results in a relative random drift between the tip in the sample surface. Because of system drift, even if the nonlinearity of PZT is completely eliminated, it is also difficult to achieve precise positioning of the tip in the scanning space. As for the control system at macro scale, these drift can be ignored, but at the nanometer scale, these drift will seriously impact the scan results. Although researchers have proposed the use of model-based drift compensation, such as Kalman filtering [8] and neural networks [9] , but the effectiveness of these methods depends on the accuracy of the model parameters, it is not easy to obtain accurate experimental parameters. Therefore these methods cannot effectively compensate the system drift caused by temperature changing. In view of the system drift unable to be overcome and not easy to detect, this study proposes a method for reconstructing the scanning image to minimize its distortion.
According to the PZT feature, the drift impact on the scanning procedure is analyzed, and an image deformation model is established to represent image distortion due to the system drift by using Newton iterative method [10] [11] [12] for estimating image deformation parameters. Then cubic spline curve interpolation [13] based reconstruction method is proposed to correct the scanning image. On the foundation of the above mentioned, the drift influence on the procedure of scanning image is simulated by using Matlab. Then the distorted image is reconstructed. Finally the validity of the method is illustrated and applied to AFM scanning image, and experimental results show that the impact of system drift of AFM scanning images can effectively be reduced with high improvement of the AFM image quality. direction. The tip fast scans forward and back in x direction, when a line is scanned, the tip moves with a step in the y direction.
In order to obtain the drift effect on AFM images, regular spherical nanoparticles are used as samples in this study. Two images from different scanning direction are collected from the same region of the sample, the scanning direction is frame down and frame up respectively. The drift direction (sample to tip) is toward up and right side. The results are shown in Fig. 1 . Fig. 1(a) is the real shape of nanoparticles. The images in Fig. 1(b) and Fig. 1(c) are with 512 * 512 pixels. The slow scan direction of Fig. 1(b) is from top to bottom. The slow scan direction of Fig. 1(c) is on the contrary.
The nanoparticles in Fig. 1 (b) are compressed in vertical direction, and the displacement in the x direction is gradually to the left side from bottom to top. The nanoparticles in Fig. 1 (c) are stretched in vertical direction, and the displacement in the x direction is gradually to the right side from bottom to top. It can be seen that the drift impact on the scanning procedure effect AFM images seriously. If the distortion caused by drift can be corrected, the AFM image accuracy can be improved.
B. Description of related terms (The definition of p value)
Vecco AFM system (Dimension 3100) is used as scanning equipment in this study. The scanning range is 5μm * 5μm, the scanning frequency is 0.97Hz, and the image is with 512 * 512 pixels. It will cost about 1 second for scanning a line in fast scan direction. Compared with the slow scan direction, the drift impact on the fast scan direction can be ignored.
AFM ideal scanning results are standard square grid, but due to drift impact, scanning grid will be a certain degree of distortion in horizontal and vertical directions. The results of ideal AFM scanning grid and actual one of 0° and 90° are shown in Fig. 2 . Mapping relationship between reference image and deformation image can be concluded. In this study, the mapping relationship is defined as a mapping function about offset vector p. The offset vector p (p0, p1, p2, p3, p4, p5) is:

Where p0 and p1 is the displacement of central position of the two images in x and y direction; p2 is first-order displacement derivative of x direction on the row scanning lines; p3 is first-order displacement derivative of x direction on the column scanning lines; p4 is first-order displacement derivative of y direction on the row scanning lines; p5 is first-order displacement derivative of y direction on the column scanning lines.
Reference image and deformation image have a mapping relation related to p:
Where (x0, y0) is the center point of reference image; (x, y) is the coordinate position in the reference image; u(x, y, p) and v(x, y, p) is displacement function, represents how points (x, y) in reference image map to deformation image.
III. P VALUE ESTIMATION METHOD
Two images including reference image and deformation image should be combined to estimate p value through contrasting the corresponding region of them. There are usually feature regions and non-feature regions in the images. Significant height information can be used to identify feature regions, but it is difficult to identify non-feature regions for contrast. In addition, there are many noises in non-feature regions. This makes non-feature regions hard to be recognized and difficult to be used to perform contrast. To prevent unnecessary errors of p from immediate contrast of non-feature regions, p estimation from contrasting the feature regions (that is the location of nanoparticles) is first calculated in the sample, and then displacement parameter p of the non-feature regions is indirectly estimated by offset vector of feature region (nanoparticles) surrounding with non-feature regions.
A. p value estimation method of feature regions
The maximum cross-correlation coefficient method is used to calculate the similarity of feature regions in reference image and deformation image. Similarity is calculated as follows: u(x, y, p), y + v(x, y, p) ) is the height value of the corresponding point in deformation image.
Due to high information of the mapped point in the deformation image is unknown, height information of each point will be estimated by using cubic B-spline surface interpolation method in this study.
Where αmn is the control points of B-spline surface in (x', y'), and it represents lateral-coordinate information in deformation image; Gn (x') and Gm (y') are the B-spline Function.
Assume that pold is initial value of vector p, p is used to calculate height information of corresponding position in deformation image, and Newton iterative method is used to calculate the new vector pnew:
Where ▽C(pold) and ▽▽C(pold) are first-order derivative and second-order derivative of similarity function. Newton iterative method converges fast, if initial value is appropriate. A right p value will be got by two or three times iteration. pnew is the offset vector of the center point in feature regions.
B. p value estimation method of non-feature regions
The image is divided according to the location of each feature region. p value of non-feature regions estimation method is based on the divided areas. If two adjacent nanoparticles are intersecting in the y direction, they are clustered in the same region, otherwise divided into two different regions. Detailed dividing procedure is shown in Fig.  3 .  Divide areas according to intersect situation: There is a midpoint between nanoparticles 3 and 4 center in the y direction. The horizontal line through the midpoint is the dividing line, which divided the image into two parts, named dividing line1 in Fig. 3 . The other nanoparticles are divided likewise. The image in Fig.3 is divided into three areas. Where ppart1, ppart2 and ppart3 are the p value of the three areas in Fig. 3; pr1, pr2, pr3, pr4, pr5 and pr6 are the center point displacement of nanoparticles in Fig. 3 .
This section provides a detailed estimation method of p, in the next section p values will be used to reconstruct image.
IV. AFM IMAGE RECONSTRUCTION METHOD
In this paper, reconstruction of AFM image mainly dependents on the space corresponding relationship of reference image and deformation image. The displacement of each scanning line is calculated based on the standard grid. From Fig. 2 , it can be seen that, the point (i,j) in standard grid is (i+ui r ,j+vj r ) in reference image and (i+ui d ,j+vj d ) in deformation image. The difference on the horizontal and vertical direction of the point (i, j) respect to the deformation image and reference image is as follows:
Suppose that n rows and m columns represent scan lines in an AFM image, the displacement of m points on the j-th scanning line is summarized as following: where xj c , yj c and zi c is lateral-coordinate and height information of each point on the j-th scanning line in reconstruction image, xj r , yj r and zj r is lateral-coordinate and height information of each point on the j-th scanning line in reference image.
Coordinates and height information of each point in the reconstructed image are calculated by the method abovementioned, and image reconstruction is completed.
V. SIMULATION VERIFICATION OF AFM IMAGE RECONSTRUCTION METHOD
A standard circle image is constructed by using Matlab. Then the standard circle image is used to construct two images such as reference image and deformation image. Simulation is performed by using algorithm above mentioned, its procedure is shown in Fig. 4 . Fig. 4(a) is a standard circle image; Fig. 4(b) is simulation of reference image; Fig. 4(c) is simulation of deformation image. Fig. 4(d) is reconstruction result of Fig. 4(b) . Before reconstruction, the diameter aspect ratio of the reference image is 0.8710; After reconstruction, the diameter aspect ratio is 0.9794, closer to the real morphology of standard circle, and this result illustrates the effectiveness of the algorithm.
VI. AFM IMAGE EXPERIMENT

A. Nanoparticles morphology correction
Two AFM images for the same region are scanned from different scanning angle are shown in Fig. 5 . Fig. 6 , it can be seen that the reconstructed image is stretched in the vertical direction; the horizontal direction is compressed. After reconstruction the image is closer to standard circle. Since the nanoparticles used in the experiment is regular spherical, AFM image reconstruction results can be validated by measuring the aspect ratio of the horizontal and vertical direction. The aspect ratio of each nanoparticle for reference image and reconstruct image is shown in Table I . In Table I , aspect ratio of nanoparticles is closer to 1 in reconstructed image. That means nanoparticles after reconstructed are closer to the real shape. 
B. Distance correction between nanoparticles in the sample
Reference image is reconstructed by using the proposed method. Interpolation method is used to obtain height information for the point inserted with integer coordinates. Then the interpolated image is exported as BMP image, as shown in Fig. 7 .
After reconstruction, the spacing distance of each adjacent nanoparticle changed. Horizontal and vertical distance variation of two adjacent nanoparticles before and after reconstruction are shown in Table Ⅱ and Table Ⅲ . To verify the corrected result, the second image for the sample region above mentioned is scanned with the same angle after twenty minutes. Calculate the drift speed according to the two images. Images are shown in Fig. 8 . Fig. 8(a) is the first image; Fig. 8(b) is the second image scanned after twenty minutes; Fig. 8(c) is the second image covered on the first image, the second image background is translucent. The drift speeds on horizontal and vertical directions are shown in Table IV . According to the center point changes of reconstruction image and reference image, the drift speed can also be calculated according to scanning time. Drift speed in horizontal direction is -0.032nm/s, and one in vertical direction is -0.0267nm/s. The drift speed from reconstructed image is consistent with the result in Table II and III on the same magnitude, and the result proves the effectiveness of the reconstruction algorithm.
VII. CONCLUSION
Drift impact on AFM scanning procedure will lead to measurement deformation of the scanning image. In this paper, the same sample region is scanned at 0º and 90º angles, and the two images including reference image and deformation image are obtained. Then the image deformation model is established, by using Newton iterative method and cubic spline interpolation method to estimate the parameter p, which is horizontal and vertical displacement between the reference image and deformation image. Next the AFM image reconstruction is represented based on drift correlation model. Simulation and experimental results show that the algorithm can effectively reconstruct the real morphology of the sample, reduce the measurement error caused by the system drift, and effectively improve the accuracy of AFM images.
